Dendrobium nobile is one of the fundamental herbs in traditional Chinese medicine. Sesquiterpene alkaloids are the main active components in this plant. Due to weak ultraviolet absorption and low content in D. nobile, these sesquiterpene alkaloids have not been extensively studied using chromatographic methods. Herein, tandem mass spectrometry combined with liquid chromatography separation provides a tool for the identification and characterization of the alkaloids from D. nobile. A total of nine sesquiterpene alkaloids were characterized by ultrahigh-performance liquid chromatography tandem mass spectrometry. These alkaloids can be classified into two subgroups that are represented by dendrobine and nobilonine. Tandem mass spectrometric studies revealed the fragmentation pathways of these two subgroup alkaloids that were used for the identification and characterization of other alkaloids in D. nobile. Characterization of these alkaloids using accurate mass and diagnostic fragments provided a reliable methodology for the analysis of D. nobile by ultrahigh-performance liquid chromatography tandem mass spectrometry. The limit of detection was defined as the signalto-noise ratio equal to 3 : 1. Limits of detection of dendrobine and nobilonine were less than 30 ng/ mL. The developed method was applied for the analysis of various Dendrobium species and related dietary supplements. Alkaloids were identified from D. nobile, but not detected from commercial samples including 13 other Dendrobium species and the 7 dietary supplements. 12 ], capillary electrophoresis (CE) [13] , and gas chromatography (GC) [14] . In two LC-UV methods, one or two alkaloids were used in the analysis of Dendrobium species [9, 10] . UV detection is considered inappropriate for dendrobine-type alkaloids because these compounds have extremely weak ultraviolet absorption due to the absence of chromophore in the core skeleton. Mass spectrometry detection, especially high-resolution mass spectrometric techniques such as quadrupole time-of-flight (QToF), is a useful tool for the identification of sesquiterpene alkaloids since it can provide accurate mass and structural information. As a part of a USFDA research program for the science based authentication of dietary supplements, an ultrahigh-performance liquid chromatograph (UHPLC) coupled with an electrospray ionization quadrupole time-of-flight mass spectrometry (UHPLC-ESI/QToF MS) method was developed. The UHPLC coupled with tandem mass spectrometric method was designed to identify and structurally characterize sesquiterpene alkaloids from Dendrobium species and dietary supplements claiming to contain D. nobile. In a preliminary test for the characterization of dendrobine-type alkaloids, different columns were applied for the analysis of D. nobile extracts (NCNPR #13021). The columns tested were Acquity UPLC BEH Shield RP18 (100 × 2.1 mm i. d., 1.7 µm), UPLC BEH C18 (100 × 2.1 mm i. d., 1.7 µm), and UPLC HSS T3 (100 × 2.1 mm i. d., 1.8 µm). The best separation and peak shape were achieved on the UPLC BEH Shield RP18 column. Different solvent systems such as acetonitrile/water and methanol/water were investigated to determine the best separation conditions for the sesquiterpene alkaloids. Optimal chromatographic sepa-ration was observed by using acetonitrile with 0.05 % formic acid (v/v) and 0.05 % formic acid in water as the mobile phase. Authentic plant sample #13021 was extracted with 100 % methanol and 70 % methanol (methanol/water = 70 : 30, v/v), respectively. The peak areas of the major alkaloids (compounds 2, 4, 5, and 7-9) did not differ significantly. However, considering the higher solubility of alkaloidsʼ salts in aqueous solution, 70% methanol was used as the extraction solvent. Dendrobine-type sesquiterpene alkaloids from D. nobile have a basic skeleton that consists of one picrotoxan-type sesquiterpenoid combined with a five-membered C2-C9-linked N-heterocycle and a C3-C5-linked lactone ring (l " Fig. 1 ). The characterization of the sesquiterpene alkaloids in D. nobile authentic plant sample #13021 was based on two approaches: (1) unambiguous identification by comparing with reference standards (dendrobine and nobilonine) in terms of the retention time, accurate mass, and MS/MS fragment ions, and (2) tentative characterization of compounds without reference by analyzing accurate mass and MS/MS product ions, comparing key fragments (diagnostic fragments) with the fragmentation pattern of dendrobine and nobilonine, and surveying the literature. As a result, a total of nine alkaloids were identified or tentatively characterized. Structural information including the retention time, precursor ions ([M] + /[M + H] + ), MS/MS product ions, and the composition of fragments for these compounds is summarized in l " Table 1 . The base peak ion (BPI) chromatogram of the extracts of D. nobile and extracted ion chromatograms (EIC) of the individual alkaloids are shown in l " Fig. 2 . The MS/MS spectra of nine alkaloids are presented in l " Fig. 3 . In the developed UHPLC-MS method, the standard compound dendrobine (compound 2 in l " Fig. 2 Fig. 4 . The neutral losses of 28, 18, and 42 Da corresponding to the CO, H 2 O, and C 3 H 6 moieties, respectively, are diagnostic for the characterization of the core skeleton of dendrobine-type alkaloids, which are also observed in the MS/MS spectra of compounds 2, 3, 5, and 7-9 in l " Table 1 . Based on the aforementioned information, compound 3 could be tentatively identified as mubironine B, which has been reported Since the concentration of compound 1 was much lower than that of dendrobine 2 and compound 3, intensities of the fragment ions of compound 1 were not observed. On the basis of an elemental analysis, compound 1 was 14 Da heavier than that of dendrobine 2, indicating an additional methylene moiety in 2. Overall, considering the identification of mubironine B (3) and dendrobine 2 from this sample as well as a previous report from the literature [16] , compound 1 could be tentatively identified as N-methyldendrobinium. The elemental composition showed that the [M + H] + ion of compound 5 was 16 Da heavier than that of dendrobine 2, which indicated that compound 5 was an oxygenated derivative of dendrobine. Therefore, compound 5 was tentatively identified as dendramine, a previously reported compound in D. nobile [17] . In the MS/MS spectra of compound 5, fragment ions at m/z 263.1876, 235.1927, and 207.1983 could be radical ions corresponding to fragments C 16 identical to the fragment ions of dendrobine. Hence, compound 7 was tentatively characterized as N-isopentenyldendrobinium [18] . , calcd. 376.2482). The product ion at m/z 308.1850 and fragment ions at m/z 290.1746 and 262.1811 indicated that compound 8 possessed an isopentenyl moiety and a core skeleton of dendrobine-type alkaloids. The elemental composition of compound 8 was 16 Da heavier than that of compound 9, indicating that compound 8 was an oxygenated derivative of compound 9. Furthermore, in the MS/MS spectra of compound 8, the peak at m/z 275.1520 was a radical ion corresponding to the loss of a CH 3 · moiety from the fragment ion at m/z 290.1746. Hence, compound 8 was tentatively identified as N-isopentenyl-6-hydroxydendroxinium, previously reported in D. friedricksianum, and D. hildebrandii [20] . Another subgroup of dendrobine alkaloids is nobilonine-type sesquiterpene alkaloids (4 and 6 in l " Fig. 1 ), a group of compounds derived from dendrobine. In this subgroup, the C2-C9 N-heterocycle ring (A ring) is opened between C2 and N, and a ketone is formed at C-2. Compound 4 was unambiguously identified as nobilonine from the methanolic extract of D. nobile from comparison with reference standards. The LOD of nobilonine was less than 30 ng/mL. Nobilonine (compound 4 in l " Fig. 2) .1483, and 161.0952 were found and indicated that compound 6 had a skeleton of nobilonine-type alkaloids. Based on the aforementioned information, compound 6 could be tentatively identified as 6-hydroxynobilonine, which has been previously isolated from D. hildebrandii and Dendrobium moniliforme (L.) Sw. [21, 22] . Sample source and results for the identification and characterization of the nine sesquiterpene alkaloids from various samples are listed in l " Table 2 . A total of 26 samples including 19 plant samples and 7 dietary supplements were analyzed using the developed UHPLC-MS/MS method. As shown in l " Table 2 , only sample #13021 was an authentic plant sample, the rest of the 18 plant samples were commercial samples purchased either from local markets in China or from the Internet. Six of the D. nobile plant samples were analyzed. Among the five D. nobile commercial samples (#8270, 10876, 10882, 10883, and 13034), two samples (#8270 and #10876) were found to contain eight of the nine alkaloids (N-isopentenyl-6-hydroxydendroxinium 8 was not detected). The other thirteen Dendrobium plant samples did not contain any of these nine sesquiterpene alkaloids. Seven dietary supplements that were purchase from the Internet and claimed to contain either dendrobine alkaloids or D. nobile plant or both terms were tested. From these samples, none of dendrobine-type alkaloids were identified.
Results and Discussion

Materials and Methods
!
UHPLC chromatographic conditions
The UHPLC analyses were performed on a Waters Acquity UPLC™ system including binary solvent manager, sampler manager, column compartment, and a PDA detector (Waters Acquity model code UPD). The separation was carried out on a Waters Acquity UPLC™ BEH Shield RP18 column (100 × 2.1 mm i. d., 1.7 µm) that was equipped with a guard column (Vanguard 2.1 × 5 mm). The sample temperature and column temperature were maintained at 15°C and 30°C, respectively. The mobile phase consisted of water containing 0.05 % formic acid (v/v) (A) and acetonitrile with 0.05 % formic acid (B). The analysis was performed using the following gradient elution at a flow rate of 0.30 mL/min: 0-8 min, 5% B to 13% B; 8-10 min, 13 % B to 20% B; 10-12 min, 20% B to 35 % B; and 12-18 min, 35% B to 100 % B. Each run was followed by a 4-min wash with 100% B and an equilibration period of 3.5 min with the initial conditions. Strong needle wash (90/10; acetonitrile/water, v/v) and weak needle wash solution (10/90; acetonitrile/water, v/v) were used. The total run time for analysis was 18 min.
ESI/ToF/MS/MS
The high-resolution ESI-MS experiments were carried on a Waters ACQUITY™ XEVO QToF mass spectrometer that was connected to the UHPLC system via an ESI interface. The ESI source was operated in the positive ionization mode with the capillary voltage at 2.5 kV. The source and desolvation temperatures were set at 150 and 350°C, respectively. The cone and desolvation gas flows were 50 and 900 L/h, respectively. The cone voltage was set at 35 V. All data collected in the centroid mode were acquired using MassLynx™ NT 4.1 software. Mass accuracy of the parent and major fragments in this study was limited within 5 ppm, but few minor fragment ions were tolerated up to 10 ppm when considering its limited peak intensity in the analysis. Leucine-enkephalin was used for the lock mass at a concentration of 2 ng/mL and flow rate of 5 µL/min. Ions [M + H] + (m/z 556.2771 Da) and a fragment ion (m/z 278.1141 Da) of leucine-enkephalin were employed to ensure mass accuracy during the MS analysis. The lock spray interval was set at 30 s, and the data were averaged over three scans. The mass spectrometer was programmed to step between low (20 eV) and elevated (30-50 eV) collision energies on the gas cell, using a scan time of 0.1 s per function over a mass range of 50-900 m/z. When data were acquired with MS E , two interleaved scan functions were used. The first scan function acquired a wide mass range using low collision energy. This scan function collected precursor ion information for the sample. The second scan function acquired data over the same mass range; however, the collision energy was ramped from low to high. This scan function allowed for the collection of a full-scan accurate mass fragments with precursor ion information. The mass spectrometer under the MS/MS tandem mode was programmed to use a scan time of 1 s per function scanned 50-500 m/z and the collision energy applied to every precursor (l " Table 1 ) was optimized for the best profile of the product ions. MS E and MS/MS data independent analysis provide accurate mass measurements of all detectable precursor and product ions, which are achieved by post-acquisition and lock mass corrections. Table 2 Identification of sesquiterpene alkaloids from Dendrobine species and dietary supplements: 1 N-methyldendrobinium, 2 dendrobine, 3 mubironine B, 4 nobilonine, 5 dendramine, 6 6-hydroxynobiline, 7 N-isopentenyldendrobinium, 8 N-isopentenyl-6-hydroxydendroxinium, and 9 N-isopentenyldendroxinium (+ = identified; -= not detected). 
Chemicals and reagents
The reference compound dendrobine (2) was purchased from Quality Phytochemicals LLC with a purity greater than 98 %. Standard compound nobilonine (4) was isolated at the National Center for Natural Products Research (NCNPR), The University of Mississippi, University, MS, USA. The identity of nobilonine was determined by analysis of the spectral data ( 1 H-and 13 C-NMR and HR-ESIMS) [23] , and the purity of nobilonine was confirmed to be above 95% by chromatographic methods. HPLC grade methanol, acetonitrile, and formic acid were purchased from Fisher. Water for the HPLC mobile phase was purified using a Milipore Synergy Water Purification System. 
Plant materials
Sample preparation
Dry plant material was ground as fine powder. Five to ten tablets or capsules were weighed. The tablets (or capsule contents) were combined and ground with a mortar and pestle. Dry powder of the plant samples (0.5 g) or an adequate amount of capsule/tablet/powder/pill contents were weighed and sonicated in 2.5 mL of 70 % methanol (methanol : water = 70 : 30, v/v) for 30 min, followed by centrifugation at 959 × g for 15 min. The supernatant was transferred to a 10-mL volumetric flask. The procedure was repeated three more times with 2.5 mL 70 % methanol and the respective supernatants were combined. The final volume was adjusted to 10 mL with 70 % methanol and mixed thoroughly. Prior to injection, an adequate volume of sample was passed through a 0.45-µm PTFE filter and collected in an LC sample vial. For plant samples where a few constituents were highly concentrated, the sample solutions were further diluted up to 200 times.
